We investigated the heat resistance of an eight-strain cocktail of Salmonella serovars in chicken supplemented with transcinnamaldehyde (0 to 1.0%, wt/wt) and carvacrol (0 to 1.0%, wt/wt). Inoculated meat was packaged in bags that were completely immersed in a circulating water bath and held at 55 to 71uC for predetermined lengths of time. The recovery medium was tryptic soy agar supplemented with 0.6% yeast extract and 1% sodium pyruvate. D-values in chicken, determined by linear regression, were 17.45, 2.89, 0.75, and 0.29 min at 55, 60, 65, and 71uC, respectively (z~9.02uC). Using a survival model for nonlinear survival curves, D-values in chicken ranged from 13.52 min (D 1 , major population) and 51.99 min (D 2 , heat-resistant subpopulation) at 55uC to 0.15 min (D 1 ) and 1.49 min (D 2 ) at 71uC. When the Salmonella cocktail was in chicken supplemented with 0.1 to 1.0% transcinnamaldehyde or carvacrol, D-values calculated by both approaches were consistently less at all temperatures. This observation suggests that the addition of natural antimicrobials to chicken renders Salmonella serovars more sensitive to the lethal effect of heat. Thermal death times from this study will be beneficial to the food industry in designing hazard analysis and critical control point plans to effectively eliminate Salmonella contamination in chicken products used in this study.
Bacterial foodborne disease is increasing worldwide, with millions of cases occurring each year. Based on extrapolations of survey data, human enteric isolations, and reported cases of foodborne disease, it has been estimated that losses to the U.S. economy are as high as 152 billion dollars (22) . These losses represent the burden to both consumers and food processors due to direct medical costs, time lost from work, product recalls, etc. The inactivation of foodborne pathogens is therefore a critical control point in the safe preparation of many foods. The safety of heatpreserved or cooked foods depends on ensuring that microbial pathogens are inactivated during heating (cooking) regimens used in the home and restaurants, and/or that their growth is prevented by multiple barriers via product formulation. Sufficient evidence exists to document that improperly or inadequately cooked meat products are commonly implicated in foodborne illness outbreaks.
A compounding factor is that more complex foods with minimal heat treatments are being produced to meet consumer demand. Establishing heat processes to assure microbiological safety for such expanding product types presents a large challenge compared to commodity-type products. Consequently, the prediction of microbiological safety of mild heat treatments given to these products is a special problem for the food industry that needs to be defined with greater precision and accuracy.
Because of its ability to withstand harsh environments (25) , Salmonella is one of the most important foodborne pathogens of public health significance and continues to be a major concern to regulatory agencies and the food industry. The Centers for Disease Control and Prevention estimates that 1.0 million (11%) cases of foodborne illness are associated with nontyphoidal Salmonella strains annually in the United States (21) .
Salmonellosis is a leading cause of gastroenteritis caused by this organism, characterized by symptoms that include diarrhea, fever, and abdominal pain. A variety of foods, including meat and poultry, milk, ice cream, cheese, eggs and egg products, chocolate, and spices, have been implicated as vehicles of transmission (3) that cause salmonellosis. Such outbreaks clearly indicate the importance of adequate cooking of meat products to ensure microbiological safety. Commercial processing of ready-toeat meat products must comply with the U.S. Department of Agriculture (23) lethality performance standard that requires a 7-log reduction of Salmonella in certain fully and partially cooked poultry products. The thermal processing schedule to meet this lethality performance standard is not specified in this performance standard.
An effective thermal process is required to guard against the potential hazard of Salmonella in cooked meat products. As a first step, the main consideration of the heating step is to determine the pathogen's heat resistance. While overestimating heat resistance will negatively impact product quality, underestimation increases the likelihood that the organism will survive the heat treatment or cooking process. Accordingly, researchers have conducted studies on the heat resistance of Salmonella in chicken meat. Reported D-values range from 30.1 to 0.238 min at 55 to 70uC (3). These studies indicate that most Salmonella serovars do not possess an unusual heat resistance, with the exception of Salmonella Senftenberg, which has been shown to be resistant to unusually high temperatures.
In previous studies, we reported that carvacrol, cinnamaldehyde, apple skin, tea leaf powders, sodium lactate, and oregano oil facilitated thermal destruction of pathogens in raw ground beef (7, 10, 11) . A related study reported that carvacrol and cinnamaldehyde inactivated both antibioticresistant and susceptible Salmonella enterica isolates on celery and oysters (19) . To our knowledge there are no published studies on heat resistance of Salmonella in chicken meat supplemented with these plant-derived antimicrobials. Simulating the conditions that are encountered in the food industry, the objective of this study was to determine the ability of carvacrol or trans-cinnamaldehyde to reduce the heat resistance of Salmonella in ground chicken meat under conditions simulating those that occur in the food industry. The quantitative assessment of the kinetics of heat resistance, as defined by D-and z-values, could be used to establish lower cooking temperatures that would minimize the potential danger of Salmonella foodborne infections.
MATERIALS AND METHODS
Food additives. While trans-cinnamaldehyde (.99.5% pure; molecular weight 132.2; CAS 14371-10-9) was obtained from Sigma (St. Louis, MO), carvacrol (.98% pure; molecular weight 150.2; CAS 499-75-2) was a gift from Millenium Chemical Co. (Boca Raton, FL).
Organisms. A cocktail consisting of eight serotypes of Salmonella representing isolates from beef, pork, chicken, turkey, or human clinical cases was used in this study. Table 1 lists the sources of these strains. These strains were maintained as frozen (270uC) stocks in brain heart infusion (BHI) broth (Difco, Detroit, MI) with 10% (vol/vol) glycerol (Sigma) added and were obtained from our laboratory culture collection. To maintain viability, individual stock cultures were maintained on BHI agar (Difco) slants at 4uC with monthly transfers.
Culture preparation. To propagate the cultures, vials were partially thawed at room temperature, and 0.1 ml of the thawed culture was transferred to 10 ml of BHI broth (Difco) in 50-ml tubes and incubated for 24 h at 37uC. Two consecutive transfers were made at 24-h intervals using 0.1 ml of inocula. These cultures were maintained in BHI for 2 weeks at 4uC. A new series of cultures was initiated from the frozen stock on a biweekly basis.
A day before the experiment, the inocula for conducting the heating studies were prepared; each culture (0.1 ml) was transferred to 50 ml of BHI broth in 250-ml flasks and underwent aerobic incubation for 18 h at 37uC, to provide late-stationary-phase cells. On the day of the experiment, each culture was centrifuged (5,000 | g, 15 min, 4uC), and then the pellet was washed twice in 0.1% (wt/vol) peptone water (PW) and was finally suspended in PW to a target level of 8 to 9 log CFU/ml. To enumerate the population densities in each cell suspension, appropriate dilutions (in 0.1% PW) were spiral plated (model D, Spiral Biotech, Bethesda, MD), in duplicate, on tryptic soy agar (TSA; Difco) plates. Equal volumes of each culture were combined in a sterile test tube to obtain a cocktail of eight strains of Salmonella (8 log CFU/ml) prior to inoculation of ground chicken meat.
Chicken product. Raw ground chicken was obtained from a local supermarket. Thereafter, meat was separated into 300-g batches for the different treatments and was mixed thoroughly with trans-cinnamaldehyde (0, 0.1, 0.5, and 1% [vol/wt]) or carvacrol (0, 0.1, 0.5, and 1% [vol/wt]) for 2 min in a Kitchen Aid mixer (model no. K45SS, KitchenAid Inc., Greenville, OH). The products were placed into Stomacher 400 polyethylene bags (50 g per bag; Seward Laboratory Systems Inc., Bohemia, NY) and vacuum sealed. Then, five of these bags were vacuum sealed in barrier pouches (Bell Fibre Products Corp., Columbus, GA), frozen at 240uC, and irradiated (25 kGy) to eliminate indigenous microflora. Random samples were tested to verify elimination of microflora by dilution in 0.1% PW, spiral plating (model D, Spiral Biotech) on TSA, and aerobic incubation at 30uC for 48 h.
Sample preparation and inoculation. The cocktail (0.1 ml) of eight serotypes of Salmonella was added to thawed, irradiated ground chicken (50 g). The inoculated meat was blended with a Seward Stomacher 400 (Tekmar, Cincinnati, OH) for 5 min to ensure even distribution of the organisms in the meat sample. Duplicate ground meat samples (3 g) were then weighed aseptically into sterile filtered stomacher bags (30 by 19 cm; Spiral Biotech). Negative controls included bags containing meat samples inoculated with 0.1% (wt/vol) PW (0.1 ml). Thereafter, the bags were compressed to obtain an approximately 1-to 2-mm-thin layer by pressing them against a flat surface to exclude most of the air; the bags were then heat sealed.
Thermal inactivation and bacterial enumeration. Thermal inactivation studies were carried out in a temperature-controlled water bath (Neslab RTE-17, Digital One, Thermo Electron, Newington, NH) stabilized at 55, 60, 65, or 71uC according to the procedure described by Juneja et al. (12) . Bags for each replicate were then removed at predetermined time intervals and placed into an ice-water bath until analysis (approximately within 30 min). For determination of the number of surviving bacteria, sterile 0.1% PW (6 ml) was combined with each meat sample to obtain 1:2 (wt/vol) slurry and pummeled for 2 min with a BagMixer 100 Mini Mix (Interscience, St. Nom, France). Decimal serial dilutions of the suspensions were then prepared in 0.1% PW, and appropriate dilutions were surface plated onto agar dishes containing TSA supplemented with 0.6% yeast extract and 1% sodium pyruvate, using a spiral plater. Samples not inoculated with Salmonella cocktail were plated as controls. In addition, where necessary, 0.1 and 1.0 ml of undiluted suspension were surface plated. All plates were incubated at 30uC for at least 48 h prior to counting colonies. Two independent experiments were performed. To determine estimates of the lethality kinetics, an average CFU per gram of two platings of each sampling point was used for each replicate experiment. To determine D-values for each replicate experiment performed in duplicate (n~4; two replicates per trial), an average CFU per gram of four platings of each sampling point was used.
Calculation of D-and z-values. The D-values (time in min to inactivate 90% of the viable cells or 1 log CFU) were determined by plotting the log number of survivors against time for each heating temperature, using Excel Software (Microsoft Corporation, Seattle, WA). The line of best fit for survivor plots was determined by linear regression analysis (Ostle and Mensing (18)), in which the D-value is the negative reciprocal of the slope of the best straight line. Only survival curves with more than five values in the straight portion, with a correlation coefficient (r 2 ) . 0.90, and descending more than 5 log cycles were used. In addition, two D-values were calculated by fitting regression lines to survivor curves that exhibited tailing by a logistic function using a curve-fitting program (DataFit for Windows, version 7.1, Oakdale Engineering, Oakdale, PA). The z-values (z, the change in heating temperature needed to change the D-value by 90%) were estimated by computing the linear regression (18) of mean log Dvalues versus their corresponding heating temperatures using Excel Software. The z-value was estimated by taking the absolute value of the inverse slope.
Statistical analysis. To determine if there were statistically significant differences among the treatments, the heat resistance data were analyzed by analysis of variance using SAS software (20) . The Bonferroni mean separation test was used to determine significant differences (P , 0.05) among means (14) . The coefficient of multiple determination (the square of the correlation coefficient) was used to estimate the variability of the response as obtained by the logistic model used to analyze the inactivation kinetics of the bacteria.
RESULTS AND DISCUSSION
Population densities in log values of surviving Salmonella cells per gram of chicken were plotted against exposure time at each test temperature (Fig. 1) . Survivor curves at all temperatures demonstrate deviations from the log-linear decline in surviving cells with time. Figure 1 depicts the inactivation trend of Salmonella in chicken at 55, 60, 65, or 71uC. The data are expressed as the log of the ratio of the bacterial count at time t (N) and the initial count (N 0 ), which was calculated by subtracting the log initial count before cooking (log N 0 ) from the log final count after cooking (log N). The resulting data pertain to the log numbers of Salmonella per gram of ground chicken inactivated by the heat treatment at the respective sampling time. For inoculated control ground chicken meat heated at 55uC, the Salmonella count decreased by 2.23 log CFU (8.51 to 6.28 log CFU/g) after 30 min of heating (Fig. 1) . In contrast, heating chicken meat supplemented with 0.1% trans-cinnamaldehyde or carvacrol at 55uC for 30 min resulted in a 2.63-log CFU (8.21 to 5.58 log CFU/g, trans-cinnamaldehyde) and 2.83-log CFU (8.56 to 5.73 log CFU/g, carvacrol) reduction in the Salmonella population, respectively.
Increasing the level of trans-cinnamaldehyde to 0.5 and 1% at 55uC for 30 min resulted in a 4.98-log CFU (8.26 to 3.28 log CFU/g) and 5.41-log CFU (8.23 to 2.82 log CFU/ g) reduction, respectively, of Salmonella cells. With 0.5% carvacrol supplementation in chicken, the level of reduction of Salmonella at 55uC within 30 min was 6.34 log CFU (8.51 to 2.17 log CFU/g). Increasing the level of carvacrol to 1% at 55uC resulted in a more than 5-log reduction in Salmonella within 10 min.
At higher temperatures, similar but much increased rates of destruction of Salmonella in chicken were observed with the addition of 0.1, 0.5, or 1% trans-cinnamaldehyde or carvacrol. Thus, the heat resistance of Salmonella in chicken was additive and temperature dependent. These observations indicate that, because of increased heat sensitivity, lower temperatures can be used to inactivate pathogens in the ground chicken meat in the presence of either carvacrol or trans-cinnamaldehyde.
Minimal processing of ready-to-eat foods generally involves a mild increase in temperature, during which deviations of pathogen death rates from linearity have been observed (12, 13) . Such deviations in linear survival curves result from a cell population heterogeneous to heat resistance. In fact, significant and systematic deviations from classical semilogarithmic linear death rates for Salmonella in beef have been observed, even when careful attention was given to methodology (13) . Therefore, consideration of non-first-order inactivation kinetics is important in the safe application of milder heat processes or those relying on the combined effects of other factors, such as pH and water activity. These considerations suggest that assessment of different approaches to analyze thermal inactivation data is warranted.
In the present study, a subpopulation of more heatresistant cells that declined at a slower rate was observed. Dvalues that are calculated from only the linear portion of the survivor curves could lead to an underestimation of the times and temperatures needed to achieve a target reduction in cell numbers. Therefore, the survivor curves were also fitted using the logistic function that allows for the calculation of two D-values: one for a major population (D 1 ) and a second for a more resistant subpopulation (D 2 ) of surviving cells.
The D-values of Salmonella in chicken at 55, 60, 65, and 71uC are presented in Tables 2 and 3 . The values calculated by linear regression of the data obtained with control ground chicken ranged from 17.45 min at 55uC to 0.29 min at 71uC ( Table 2) . As indicated by lower recovery of heated Salmonella cells, addition of 0.1% trans-cinnamaldehyde or carvacrol increased the sensitivity of the pathogens to the lethal effect of heat at 55 or 60uC. D-values at 55 and 60uC were significantly decreased (P , 0.05) with supplementation; the addition of 0.1% trans-cinnamaldehyde or carvacrol to ground chicken decreased the D-values at 55 and 60uC to 14.74 and 2.25 min, respectively, and addition of 0.5% trans-cinnamaldehyde decreased them to 10.73 and 0.90 min, respectively. Similar increases in the sensitivity of the pathogen to heat at 55 and 60uC were observed in the meat supplemented with 1% trans-cinnamaldehyde or carvacrol, as well as in meat at higher temperatures with the addition of 0.1 to 1.0% carvacrol or trans-cinnamaldehyde. While Effect of antimicrobials on z-values. To calculate zvalues, we plotted thermal death time curves using log Dvalues at 55 to 71uC obtained by heating the Salmonella cells with or without additives ( Fig. 2A through 2C) . The z-values (in degrees Celsius), calculated from D-values obtained by linear regression, increased from 9.02uC to 11.64 and 13.55uC with the addition of 1% carvacrol or trans-cinnamaldehyde, respectively. The calculated z-values using D 1 -values determined by a logistic model ranged from 8.39uC (no additives) to 12.29 and 13.49uC with the addition of 1% transcinnamaldehyde or carvacrol, respectively (Fig. 2B) . These results indicate that larger changes in temperature are required to cause a 90% reduction in D-values when Salmonella cells are heated in the presence of additives. The processing temperature with and without additives must be increased by 13.49 and 8.39uC, respectively, to achieve a change in Dvalue by a factor of 10. The higher z-values with additives indicate that the thermal inactivation of Salmonella strains was less temperature dependent in the presence of additives. These observations suggest that it would not be advisable to determine z-values under one set of food formulation variables and apply it to another set of parameters. In other words, the present study suggests that time-temperature combinations for an adequate degree of protection determined in a particular heating menstruum cannot be applied to another set of food formulation variables.
Using D 2 -values calculated by a logistic model, the zvalues ranged from 10.08 (no additives) to about 9.50 (with the addition of 1% trans-cinnamaldehyde or carvacrol; Fig. 2C ). These findings suggest that for the heat-resistant subpopulation of a cocktail of Salmonella strains in chicken containing 1% carvacrol or trans-cinnamaldehyde, changes in temperature required to cause a 90% reduction in the D 2 -value are similar to changes required in analogous experiments without the additives.
Related studies on D-values of poultry products.
Note that thermal inactivation rates of Salmonella strains obtained in this study were, in general, not consistent with those reported in the literature. Previous thermal inactivation studies of Salmonella strains were conducted in aqueous media and foods (3). For six Salmonella serotypes inoculated into ground beef, Goodfellow and Brown (5) reported D-values at 51.6, 57.2, and 62.7uC of 61 to 62, 3.8 to 4.2, and 0.6 to 0.7 min, respectively, and a z-value of 5.56uC. Orta-Ramirez et al. (17) determined the heat resistance of Salmonella Senftenberg in ground beef heated in thermal death time tubes; the D-values ranged from 53.0 to 0.22 min at 53 to 68uC, with a z-value of 6.25uC. Veeramuthu et al. (24) reported that the D-values for Salmonella Senftenberg in ground turkey (4.3% fat) heated in thermal death time tubes ranged from 211.35 min at 55uC to 3.43 min at 65uC, with a z-value of 5.6uC.
The literature suggests that the heat resistance of Salmonella varies among serotypes and that the serotype Salmonella Senftenberg is the most heat resistant (4). It is well known that meat animal species used to prepare the product, muscle type, pH, fat content, and other food formulation factors, including the method used for enumeration, may influence bacterial heat resistance (1, 6) . Therefore, the differences in D-and z-values observed in the present study may be attributable to these factors. In a previous study by Juneja et al. (8) , when nonlinear survival curves of a mixture of eight serotypes of Salmonella in ground chicken and turkey with different fat levels (1 to 12%) heated rapidly to specified temperatures (58 to 65uC) were analyzed, it was determined that the effect of fat on Dvalues depended on the animal species from which the meat was derived. In the study by Juneja et al. (8) , the increase of the D-value was estimated to be greater for ground chicken than for ground turkey for a given increase of fat level. The mean D-values in chicken obtained were 8.08 min at 58uC, 5.10 at 60uC, 1.19 min at 62.5uC, and 0.49 min at 65uC. It was also estimated that the time needed to obtain a 7-log relative reduction would be 56.56 min at 58uC, 35.70 min at 60uC, 8.33 min at 62.5uC, and 3.43 min at 65uC. In another study, Juneja et al. (9) tested an eight-strain Salmonella cocktail in chicken (7% fat) at 58 to 65uC and reported Dvalues of 7.08 min at 58uC, 5.20 min at 60uC, and 1.36 min at 62.5uC. Using these estimates of D-values, the times needed to obtain a 7-log relative reduction would be about 49.56 min at 58uC, 36.4 min at 60uC, and 9.52 min at 62.5uC, assuming zero lag times. In a related study, Murphy et al. (16) determined D-values in chicken breast meat of 30.1, 5.88, and 2.51 min at 55, 60, 62.5uC, respectively. Using these estimates of D-values, the times needed to obtain a 7-log relative reduction would be 210.7 min at 55uC, 41.16 min at 60uC, and 17.57 min at 62.5uC, assuming ''no shoulders.'' In a study of ground chicken meat, Chambliss et al. (2) reported the times needed to obtain a 7-log reduction were 86.66 min at 55uC, 52.15 min at 60uC, and 39.9 min at 62.5uC.
When ground chicken is supplemented with 0.1 to 1.0% carvacrol or trans-cinnamaldehyde, the time required at specified temperatures to achieve a specific reduction of Salmonella strains can be predicted from the data presented in Tables 1 and 2 and in Figures 2 and 3 . Contaminated ground chicken should be heated to an internal temperature of 60uC for at least 44.10 min to achieve a 7-log reduction of Salmonella (based on the U.S. Department of Agriculture (23) lethality performance standard). The time required to achieve the desired inactivation of foodborne pathogens can be shortened in ground chicken supplemented with 0.1 to 1.0% carvacrol or trans-cinnamaldehyde. Reduced heating times would save energy and also retain the organoleptic attributes of the chicken products. The thermal death times determined in this study should assist food industry and retail food service establishments in designing hazard analysis and critical control point plans to eliminate Salmonella strains in ground chicken products.
